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1 Human airway smooth muscle cells (HASMC) contribute to airway inflammation in asthma by
virtue of their capacity to produce several inflammatory mediators including IL-8, GM-CSF and
RANTES. The intracellular signal pathway underlying the production of these cytokines in HASMC
is not entirely elucidated.

2 We examined the role of the mitogen-activated protein kinase (MAPK) c-jun N-terminal kinase
(JNK) in TNFa- and IL-1b-induced GM-CSF, RANTES and IL-8 production in HASMC by using a
novel specific inhibitor for JNK (SP600125).

3 Confluent HASMC were treated with TNFa or IL-1b (10 ngml�1) for 24 h in the presence or
absence of SP600125 (1–100 mm). JNK activity was determined by a kinase assay. Phosphorylation of
JNK, p38 MAPK and ERK was examined by Western blotting. Culture supernatants were assayed for
GM-CSF, RANTES and IL-8 content by ELISA.

4 Maximum TNFa- or IL-1b-induced phosphorylation of JNK in HASMC occurred after 15min
and returned to baseline levels after 4 h. SP600125 inhibited TNFa- and IL-1b-induced JNK activity in
HASMC as shown by the reduced phosphorylation of its substrate c-jun. Furthermore, GM-CSF,
RANTES and to a lesser extent IL-8 release from HASMC treated with TNFa and IL-1b was
inhibited dosedependently by SP600125.

5 JNK activation is involved in TNFa- and IL-1b-induced GM-CSF, RANTES and IL-8 production
from HASMC. JNK may therefore represent a critical pathway for cytokine production in HASMC.
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Introduction

Human airway smooth muscle cells, apart from having

contractile and proliferative functions, may contribute directly

to airway inflammation through their synthetic properties.

Airway smooth muscle cells produce a wide array of cytokines

including granulocyte–macrophage colony stimulating factor

(GM-CSF), RANTES, eotaxin, interleukin (IL)-6 and IL-8 in

response to inflammatory mediators (John et al., 1997; 1998;

Saunders et al., 1997; Watson et al., 1998; Chung et al., 1999;

Hashimoto et al., 2000; Pascual et al., 2001; Shin et al., 2002)

and may be important effector cells in causing lung inflamma-

tion. Cytokines and chemokines play an integral role in the

coordination and persistence of airway inflammation. GM-

CSF, for example, stimulates proliferation, maturation and

function of haematopoietic cells and prolongs eosinophil

survival (Hallsworth et al., 1998). Chemokines such as

RANTES and IL-8 contribute to cell accumulation in inflamed

airways by enhancing leukocyte migration through the

endothelium and extracellular matrix (Adams & Lloyd,

1997). IL-8 is a C-X-C chemokine that attracts neutrophils,

eosinophils, and to a lesser extent, T-lymphocytes (Bacon &

Camp, 1990; Shute, 1994). RANTES, a member of the C-C

chemokine family, acts mainly on eosinophils, but also affects

T-cell and monocyte migration (Schall et al., 1990; Kameyoshi

et al., 1992). However, the intracellular events that determine

airway smooth muscle production of these mediators are only

partially understood.

Mitogen-activated protein kinases (MAPK) are a family of

serine/threonine kinases that transduce extracellular signals to

the nucleus. In mammalian cells, three major groups of MAPK

that differ in their substrate specificity have been character-

ized: extracellular signal-regulated protein kinase (ERK),
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c-Jun NH2-terminal kinase (JNK) and p38 MAP kinase.

Activation of MAPK requires dual phosphorylation on

threonine and tyrosine by upstream kinases and occurs in

response to diverse stimuli, such as environmental stress

(hyperosmotic shock, heat shock, UV irradiation), endotoxins,

mitogenic stimuli and proinflammatory cytokines (IL-1b and

TNFa). Once activated, MAPKs phosphorylate selected

intracellular proteins including transcription factors. The

resulting changes in gene expression affect fundamental

cellular processes such as proliferation, differentiation, survi-

val and inflammation (for review see: Herlaar & Brown, 1999;

Barr & Bogoyevitch, 2001; Dong et al., 2002).

The c-jun N-terminal (JNK) group of MAPK consists of

three isoforms, encoded by three different genes, of which the

JNK1 and 2 isoforms are widely distributed, while JNK3 is

mainly located in neuronal tissue (Martin et al., 1996). JNKs

enhance the transcriptional activity of AP-1 by phosphoryla-

tion of the AP-1 component c-Jun on serine 63 and serine 73 of

its amino-transactivation domain (Hibi et al., 1993). Binding

sites for AP-1 exist in the promoter regions of several genes

including those encoding for IL-8, RANTES and GM-CSF

(Mukaida et al., 1989; Nelson et al., 1993; Ye et al., 1996),

suggesting a role for JNK in regulating the expression of these

cytokines.

Recent investigations have led to significant insight into the

roles of ERK and p38 MAPK in airway smooth muscle

function. These studies have been much facilitated by the

development of specific MAPK inhibitors and indicate that the

production of several proinflammatory cytokines in airway

smooth muscle cells depends on p38 MAPK and/or ERK

activation. Hallsworth et al. (2001) showed reduced eotaxin,

RANTES and GM-CSF release after ERK inhibition, while

suppression of p38 MAPK activity led to the inhibition of

eotaxin, but enhancement of GM-CSF production. Moreover,

IL-6 and IL-8 production in response to inflammatory

mediators required ERK and p38 MAPK activation (Hedges

et al., 2000). In contrast, the role of JNK in airway smooth

muscle synthetic function is poorly understood due to the lack

of a selective JNK inhibitor. Involvement of JNK in cytokine

production is conceiveable though, since an inhibitor of the

mixed lineage kinase (MLK) family (CP-1347), which is

located upstream of JNK, reduced RANTES production in

human lung epithelial cells (Kujime et al., 2000).

In the present study, we investigated the role of JNK in

TNFa- and IL-1b-induced GM-CSF, RANTES and IL-8

production in airway smooth muscle cells. A novel specific

JNK inhibitor (SP600125) was used for this purpose.

SP600125 is a reversible ATP-competitive inhibitor of JNK

that inhibits c-jun phosphorylation and the expression of

inflammatory genes such as IL-2, IFNg and TNFa (Bennett

et al., 2001).

Methods

Materials

Tissue culture reagents and drugs were obtained from Sigma

(Poole, U.K.). Cell culture plasticware was purchased from

Falcon Labware (Becton Dickinson, Oxford, U.K.). Recom-

binant human IL-b and TNFa and matched antibody pairs for

RANTES and IL-8 enzyme-linked immunosorbent assays

(ELISA) were purchased from R&D Systems (DuoSet,

Abingdon, U.K.). Matched antibody pairs for GM-CSF

ELISA and substrate solution were purchased from BD

Pharmingen (Oxford, U.K.). Protease inhibitor cocktail

was obtained from Roche Diagnostic (Lewes, U.K.).

All other chemical reagents were obtained from Sigma

(Poole, U.K.).

Isolation and culture of human airway smooth muscle cells

Human airway smooth muscle was obtained from lobar or

main bronchus from patients undergoing lung resection for

carcinoma of the bronchus. The smooth muscle was dissected

out under sterile conditions and placed in culture as described

previously (Belvisi et al., 1997). Cells were maintained in

Dulbecco’s modified Eagle’s medium (DMEM) containing

10% FCS supplemented with sodium pyruvate (1mm),

l-glutamine (2mm), nonessential amino acids (1 : 100),

penicillin (100Uml�1)/streptomycin (100 mgml�1) and ampho-

tericin B (1.5 mgml�1) in a humidified atmosphere at 371C in

air/CO2 (95 : 5%v/v�1). Immunofluorescence techniques for

calponin, smooth muscle a-actin and myosin heavy chain

revealed that more than 95% of the cells displayed the

characteristics of smooth muscle cells in culture. HASMC at

passages 3–7 from 9 different donors were used in the studies

described below.

Cell stimulation

Human airway smooth muscle cells were plated at an initial

seeding density of 1� 104 cells cm�2 onto 24-well plates for

assessment of cytokine protein release, six-well plates for p-

JNK Western blotting and 75-cm2 flasks (7.5� 105. cells per

flask) for JNK kinase assay and for Western blotting for p-

ERK and p-p38. Prior to experiments, confluent cells were

growth-arrested by FCS deprivation for 24 h in DMEM

supplemented with sodium pyruvate (1mm), l-glutamine

(2mm), nonessential amino acids (1 : 100), penicillin

(100Uml�1)/streptomycin (100mgml�1), amphotericin B

(1.5 mgml�1), insulin (1 mm), transferrin (5 mgml�1), ascorbic

acid (100 mm) and bovine serum albumin (0.1%). Cells were

stimulated in duplicate in a fresh FCS-free medium containing

the cytokines IL-1b or TNF-a (10 ngml�1) for 24 h. To

examine the effect of the JNK-inhibitor, SP600125 (1–

100 mm), was added 30min prior to the addition of IL-1b or

TNF-a (10 ngml�1) and cells were studied 24 h later.

Cell viability

The effect of SP600125 on human airway smooth muscle

viability was assessed by the mitochondrial-dependent reduc-

tion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) to formazan. Cells grown in 24-well plates

were treated as indicated above, washed with PBS and 400ml
MTT solution (1mgml�1) was added to each well. After 3 h of

incubation at 371C, the MTT solution was removed and the

converted dye was solubilized with dimethyl sulphoxide

(DMSO). A sample (100ml) from each well was then

transferred in duplicate to a 96-well microplate and the optical

density (OD) was measured using a spectrophotometer set to

550 nm.
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Cytokine assay

Cell supernatants were harvested 24 h after stimulation and

stored at �701C until assayed for RANTES, GM-CSF and IL-

8. Cytokine levels were determined by using specific sandwich

ELISA according to the manufacturers’ instructions.

Western immunoblot analysis of JNK, p38 and ERK
phosphorylation

Confluent HASMC were serum-deprived for 24 h and then

stimulated with 10 ngml�1 IL-b or TNFa in the presence or

absence of SP600125 (10 and 50 mm). At the indicated time

points (15min – 4 h), cells were rinsed with ice-cold PBS

containing protease inhibitors (200mm Na3VO4, 2mm phenyl-

methylsulphonyl fluoride) and lysed in radioimmunoprecipita-

tion assay (RIPA) buffer (PBS containing 0.5% sodium

deoxycholate, 0.1% sodium dodecyl sulphate (SDS), 1%

Igepal, and 200 mm Na3VO4, 1 tablet protease inhibitor cocktail

10ml�1 buffer). Cells were scraped off the flasks and

solubilized by sonication followed by centrifugation

(10,000� g, 41C, 4min). Protein concentrations were deter-

mined using the Bio-Rad protein assay (Bio-Rad Laboratories,

Hertfordshire, U.K.). Lysates were boiled for 10min and total

protein extracts (20 mg per lane) were separated by SDS–

polyacrylamide gel electrophoresis (SDS–PAGE) on a 4–12%

acrylamide precast gel (Novex, Invitrogen, Paisley, U.K.). The

separated proteins were transferred electrophoretically onto a

nitrocellulose membrane in transfer buffer (Novex) and the

membrane was then blocked with 5% nonfat dry milk in TBS

containing 0.1% Tween 20 (TBS-T) for at least 1 h at room

temperature. Blots were then incubated overnight at 41C with

a phospho-specific SAPK/JNK, p38 or ERK antibody (New

England BioLabs, Hertfordshire, U.K.) in TBS-T containing

1% dried nonfat milk and 1% BSA (p-JNK), 5% dried nonfat

milk (p-ERK) or 5% BSA (p-p38) at a 1 : 1000 dilution. The

next day, the membrane was washed five times with TBS-T

and then incubated for 1 h with a 1 : 4000 dilution of goat anti-

mouse (p-JNK) or a 1 : 2000 dilution of goat anti-rabbit (p-p38

and p-ERK) HRP-conjugated secondary antibody in TBS-T

containing 5% nonfat dry milk. The membrane was then

washed as before and visualized by enhanced chemilumines-

cence (ECL-solution, Amersham, Buckinghamshire, U.K.).

Membranes were reprobed with a mouse anti-glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) monoclonal antibody

(1 : 5000, Biogenesis, Poole, U.K.) in order to show the amount

of protein loaded. Signals were quantified by scanning

densitometry using software from Ultra-Violet Products

(UVP) (Cambridge, U.K.). Densitometric data were normal-

ized for GAPDH values.

JNK assay

The activitiy of JNK was analysed using commercially

available kits (SAPK/JNK kinase assay kit, New England

BioLabs) according to the manufacturer’s instructions. The kit

employs an N-terminal c-Jun fusion protein bound to

glutathione sepharose beads to selectively pull down JNK

from cell lysates. An in vitro kinase reaction in the presence of

unlabeled ATP is followed by measuring c-Jun phosphoryla-

tion using an antiphospho-specific c-Jun antibody that

specifically detects JNK-induced phosphorylation of c-Jun.

Briefly, 250 mg of total cell extracts were incubated overnight at

41C with the c-Jun fusion protein beads. Precipitates were

washed twice in the lysis buffer and then twice in the kinase

buffer supplied in the kit. The kinase assay was performed by

resuspending the samples in kinase buffer containing 100mm
ATP for 30min at 301C. The reaction was stopped by the

addition of 4� SDS–PAGE sample buffer and heating to

901C for 5min. Samples were separated by SDS–Page on 4–

12% acrylamide precast gel (Novex, Invitrogen, Paisley,

U.K.), transferred to membranes, and blotted with antipho-

spho-specific c-Jun antibody. Following incubation with an

HRP conjugated anti-rabbit antibody (1 : 4000), membranes

were visualized by enhanced chemiluminescence (LumiGLO;

KPL Europe, Guildford, U.K.). Membranes were reprobed

with a phosphorylation state-independent JNK antibody in

order to determine the amount of JNK loaded. Signals were

quantified by scanning densitometry using UVP software.

Densitometric data were normalized for total JNK values.

Data and statistical analysis

Data are presented as mean7s.e.m. Data were compared

using one-way analysis of variance (ANOVA) followed by

Bonferroni’s t-test post hoc to determine statistical differences.

A P-value o0.05 was considered to be significant. SigmaStat

software (Jandel Scientific, Germany) was used for statistical

analysis.

Results

Inhibition of JNK activity in airway smooth muscle cells
by SP600125

The capacity of TNFa and IL-1b to phosphorylate JNK in

airway smooth muscle was first examined. For these experi-

ments, cells were treated with TNFa or IL-1b (10 ngml�1)

followed by measurement of JNK phosphorylation by

immunoblotting. After 15min, TNFa or IL-1b induced

marked phosphorylation of JNK in airway smooth muscle

cells. Levels of pJNK remained high after 30min and then

returned to baseline levels after 4 h (Figure 1).

We next examined the effect of the selective JNK inhibitor

SP600125 on JNK activity in airway smooth muscle cells.

After 30min pretreatment with SP600125, airway smooth

muscle cells were stimulated with TNFa or IL-1b (10 ngml�1)

for another 15min, when maximum JNK phosphorylation

occurs. TNFa and IL-1b enhanced JNK activity as demon-

strated by the increased phosphorylation of its substrate c-Jun

(Figure 2). Pretreatment with SP600125 (10 and 50 mm)
markedly inhibited baseline as well as TNFa- or IL-1b-
induced JNK activity in airway smooth muscle cells.

Higher concentrations of SP600125 (50 mm) have previously

been reported to inhibit p38 MAPK phosphorylation in a T-

cell line (Bennett et al., 2001). Therefore, to exclude the

possibility that SP600125 may affect the activity of other

related MAPKs in airway smooth muscle cells, the effect of

SP600125 on p38 MAPK and ERK phosphorylation was

examined. Levels of phosphorylated ERK in airway smooth

muscle cell cultures treated with TNFa and IL-1b were not

affected by 10 or 50 mm SP600125. Partial inhibition of p38

MAPK phosphorylation by SP600125 in airway smooth
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muscle cells stimulated with TNFa and IL-1b was observed at

50 mm but not at 10mm, indicating some effect on p38 MAPK

phosphorylation at the high dose of SP600125 (Figure 3).

Effect of SP600125 on RANTES, GM-CSF and IL-8
production from airway smooth muscle cells

The possible involvement of JNK activation in TNFa- and IL-

1b-induced RANTES, GM-CSF and IL-8 release from airway

smooth muscle cells was determined by examining the effect of

SP600125. After 24 h, release of RANTES, IL-8 and GM-CSF

from unstimulated airway smooth muscle cells was not

detectable by ELISA. Stimulation with TNFa or IL-1b
induced substantial amounts of RANTES, IL-8 and GM-

CSF in airway smooth muscle cultures (Figure 4). GM-CSF

release in response to TNFa stimulation was below the

detection limit of the ELISA in some cell donors. Therefore,

only cultures where significant GM-CSF release was detected

were used for data analysis. Preincubation for 30min with

SP600125 (1–100 mm) reduced TNFa- or IL-1b-induced GM-

CSF, RANTES and IL-8 levels in cell culture supernatants in a

dose-dependent manner (Figure 5). Significant inhibition of

TNFa-mediated cytokine production occurred at a concentra-

tion of 1 mm for GM-CSF, 5 mm for RANTES and at 50 mm for

IL-8 release. IL-1b-induced RANTES release from airway

smooth muscle cells was significantly reduced by 1mm
SP600125 pretreatment. The production of GM-CSF and IL-

8 in response to IL-1b was inhibited by 10mm SP600125. The

maximum inhibition of all cytokines was seen at the highest

Figure 3 Effect of SP600125 on p38 MAPK (panel a) and ERK
(panel b) phosphorylation induced by TNFa (10 ngml�1) or IL-1b
(10 ngml�1). Phosphorylation of p-38 MAPK was detected by
Western blotting using a specific antibody to phosphorylated p-38
MAPK. The membrane was stripped and reprobed using a specific
antibody to phosphorylated ERK and for GAPDH. A representa-
tive example of three identical experiments is shown. The graphs in
panels (a) and (b) show the densitometric analysis of phospho-p38
and phospho-pERK expression, normalized by GAPDH expression.
Data are expressed as mean7s.e.m.

Figure 1 TNFa (10 ngml�1) (panel a) and IL-1b (10 ngml�1) (panel
b) induce phosphorylation of JNK in human airway smooth muscle
cells. Phosphorylation of JNK was detected by Western blotting
using a specific antibody to phosphorylated threonine and tyrosine
of JNK. A representative example of two identical experiments is
shown.

Figure 2 SP600125 inhibits JNK activity induced by TNFa
(10 ngml�1) or IL-1b (10 ngml�1) in human airway smooth muscle
cells. Phosphorylation of c-Jun was detected by Western blotting
using an antiphospho-specific c-Jun antibody. The blot shown in the
upper panel was stripped and reprobed using a phosphorylation
state-independent JNK antibody to show the amount of JNK
loaded. A representative example of three identical experiments is
shown. In the lower panel, densitometric analysis of phospho-c-jun
expression, normalized by total JNK expression, is shown. Data are
expressed as mean7s.e. of the mean (s.e.m.). *Po0.05 compared to
cells treated with TNFa or IL-1b in the absence of SP600125.
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SP600125 concentration (100mm). SP600125 was more effec-

tive in reducing RANTES and GM-CSF than IL-8.

Cell viability as measured by MTT assays was not affected

up to the concentration of SP600125 of 100mm both in the

absence or presence of TNFa or IL-1b (Figure 6).

Discussion

In the present study, we used a novel selective JNK inhibitor

(SP600125) to investigate the role of JNK in signalling

proinflammatory mediator-induced cytokine production in

human airway smooth muscle. The data indicate that

SP600125 is effective in inhibiting JNK activity in these cells

and that JNK acitvation is an essential event in IL-1b- and

TNFa-mediated GM-CSF, RANTES and, to a lesser extent,

IL-8 release from human airway smooth muscle cells.

GM-CSF, RANTES and IL-8 are important mediators of

leukocyte migration, proliferation and activation in inflam-

matory lung diseases. Apart from several inflammatory cells

such as macrophages, lymphocytes and eosinophils, airway

smooth muscle cells have been identified as important sources

of these cytokines (John et al., 1997; Saunders et al., 1997;

Watson et al., 1998). In asthma, airway smooth muscle cells

represent an important component of the airway wall (Ebina

et al., 1993). Therefore, it is of importance to understand the

intracellular signal pathway underlying the production of

proinflammatory mediators in these cells.

Several lines of evidence suggest that JNK activation may

be important in inflammatory and immune responses. JNK

polarizes the differentiation of CD4þ T cells to a Th1-type

immune response (Dong et al., 1998) by a transcriptional

mechanism involving the transcription factor NFATc

(Chow et al., 2000). Impaired production of IL-6, IL-12 and

IFNg has been demonstrated in double-negative JNK2

fibroblasts, indicating a potential role for JNK in cytokine

production (Chu et al., 1999). Furthermore, an inhibitor of

the mixed lineage kinase (MLK) family (CP-1347), which

are located upstream of JNK, reduced RANTES production

in bronchial epithelial cells (Kujime et al., 2000). The

JNK inhibitor (SP600125) we used in our study is an

ATP competitive inhibitor of the JNK-1, -2 and -3 isoforms

with a selectivity of at least 10-fold for the JNK pathway

Figure 4 TNFa and IL-1b induce the release of GM-CSF (panel a),
IL-8 (panel b) and RANTES (panel c) from airway smooth muscle
cells. HASMC were left untreated or stimulated with TNFa or IL-1b
(10 ngml�1) for 24 h. Cells from 5–7 donors were used for the
experiments. N.D.¼ not detectable. Data are shown as mean7
s.e.m.

Figure 5 SP600125 inhibits TNFa (panel a) or IL-1b (panel b)
induced cytokine release from airway smooth muscle cells. HASMC
were pretreated with medium or different concentrations of
SP600125 for 30min and then stimulated with TNFa or IL-1b
(10 ngml�1) for 24 h. Data show the percentage of cytokine levels
from cells treated with cytokines in the absence of SP600125
(mean7s.e.m.). Cells from 5–7 donors were used for the experi-
ments. *Po0.05 compared to cytokine levels from cells stimulated
with TNFa or IL-1b in the absence of the SP600125.

Figure 6 Effect of SP600125 on human airway smooth muscle cell
viability at baseline (panel a) and after stimulation with TNFa
(panel b) or IL-1b (panel c) (10 ngml�1). Cell viability was assessed
after 24 h of treatment by the mitochondrial-dependent reduction of
MTT to formazan. Data are shown as optical density (OD)
measured at a wavelength of 550 nm (mean7s.e.m.). Cells from
two donors were used for the experiment.
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compared to several related MAP kinases such as ERK

and p38 (Bennett et al., 2001). SP600125 reduces AP-1-

mediated gene transcription by blocking c-jun phosphoryla-

tion. However, c-jun mRNA accumulation and AP-1

DNA binding activity is also affected by SP600125 and

contributes to its inhibitory effects on AP-1 function

(Han et al., 2001; Shin et al., 2002). In our study, cell

pretreatment with 10 mm SP600125 inhibited induced JNK

activity in airway smooth muscle cells, as shown by the

reduced phosphorylation of its substrate c-jun. Further

reduction of TNFa- and IL-1b-induced JNK activity was seen

at a concentration of 50 mm.
Inhibition of JNK activity by SP600125 was associated with

a dose-dependent decline of IL-1b- and TNFa-induced GM-

CSF, RANTES and IL-8 production from airway smooth

muscle cells. Significant suppression of this cytokine produc-

tion was observed at a concentration of 10 mm or less except for

the effect on TNFa-induced IL-8 release. This concentration

was shown to inhibit JNK activity. As suggested before, the

inhibitory effect of SP600125 on cytokine production may not

only depend on transcriptional mechanisms but may also

involve post-transcriptional modifications, since it was demon-

strated that SP600125 decreased mRNA stability (Bennett

et al., 2001). In our study, inhibition of IL-1b and TNFa
induced GM-CSF and RANTES release by SP600125 was

greater than that of IL-8 release. This is in line with previous

data (Bennett et al., 2001), showing a weak effect of SP600125

on IL-8 production in monocytes. Although a role of c-jun and

AP-1 in IL-8 expression has been demonstrated (Mukaida

et al., 1989; Holtmann et al., 1999), these results indicate that

JNK is not the major pathway in the induction of IL-8

production from airway smooth muscle. Using inhibitors of

the p38 MAPK and ERK pathway, a recent study showed the

involvement of these two MAPKs in IL-8 production from

airway smooth muscle in response to a cytokine cocktail of

IFNg, TNFa and IL-1b (Hedges et al., 2000). Therefore, ERK

and p38 MAPK, and not JNK, may be the predominant

pathways in IL-8 production from airway smooth muscle cells.

For induction of cytokine synthesis, we chose the proin-

flammatory cytokines IL-1b and TNFa since their stimulatory

effect on mediator production and JNK activation in airway

smooth muscle cells has been previously documented (John

et al., 1997; Chung et al., 1999; Hallsworth et al., 2001;

McFarlane et al., 2001). Increased JNK activity has also been

reported following serum withdrawal in A549 cells and

Schwann cells (Huang et al., 2000; Cheng et al., 2001).

However, we and others (Hallsworth et al., 2001) detected only

a small degree of JNK phosphorylation and activity in airway

smooth muscle cells after serum withdrawal at 24 and 96 h,

respectively. Therefore, the stress of serum withdrawal did not

activate JNK at the time when the airway smooth muscle cells

were studied at 24 h.

To test whether SP600125 interfered with the activity of

other MAPK, we investigated the effect of this compound on

p38 MAPK and ERK phosphorylation. In a previous study,

partial inhibition of phospho-p38 MAPK at concentrations of

SP600125 greater than 25mm was shown in a T-cell line

(Bennett et al., 2001) and was postulated to be due to the

inhibition of MAPK kinase (MKK) 3 and MKK6. In our

experiments, SP600125 did not affect IL-1b- and TNFa-
induced ERK phosphorylation at a concentration of 10 and

50 mm, while the amount of phosphorylated p38 MAPK was

slightly reduced at 50 mm. This indicates that the effects of

SP600125 on airway smooth muscle function at a concentra-

tion of 50mm and higher may be the result of a combined

inhibition of p38 MAPK and JNK activities. As mentioned

earlier, the p38 MAPK pathway contributes to cytokine-

induced IL-8 production from airway smooth muscle cells

(Hedges et al., 2000). However, the involvement of ERK, but

not p38 MAPK, in IL-1b-induced GM-CSF and RANTES

release from airway smooth muscle cells was found by

Hallsworth et al. (2001). Another study (Maruoka et al.,

2000) showed that p38 MAPK and ERK activation is

associated with PAF-induced, but not TNFa-induced
RANTES production in airway smooth muscle cells, indicat-

ing that the involvement of MAPKs in cytokine production

depends on the stimulating signal. Therefore, reduced phos-

phorylation of p38 MAPK may add to the inhibitory effect of

SP600125 on IL-8 release at high concentrations (50 mm), but is
unlikely to affect IL-1b-induced GM-CSF as well as IL-1b-
and TNFa-induced RANTES production from airway smooth

muscle cells. Taken together, these studies and our results also

indicate that ERK and JNK are the predominant pathways for

GM-CSF and RANTES production, whereas all three MAPK

contribute to IL-8 release from airway smooth muscle cells.

In summary, we have shown that JNK is an important

signalling pathway for GM-CSF, RANTES and IL-8 produc-

tion from airway smooth muscle cells. In conjunction with

recent studies, our results indicate that the production of these

cytokines in airway smooth muscle cells depends not only on

the activation of one intracellular signalling pathway but also

on the combined action of several kinases. Inhibition of

MAPK activity may therefore be a potential approach to

reduce the burden of inflammatory mediator release from

airway smooth muscle cells in inflammatory lung diseases.
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